ABSTRACT "Bottom-up" factors strongly inßuenced the spatial and temporal pattern of survival of Asphondylia atriplicis Townsend (Diptera: Cecidomyiidae) on Atriplex canescens (Pursh) Nutall (Chenopodiaceae) at three locations in Phoenix, AZ. In contrast, "top-down" effects of natural enemies did not inßuence the pattern of A. atriplicis mortality. A. atriplicis induces a ßeshy, multilocular, rounded stem-gall near the apical meristems of A. canescens. A. atriplicis survival increased as gall size increased, and as the depth of larva in the gall increased. Larval mortality from unknown factors on A. atriplicis decreased with gall size, but the overall interval parasitism rate did not change signiÞcantly with gall size. The interval parasitism rate for the eurytomid parasitoid group with the shortest ovipositor was negatively correlated with gall size, but interval parasitism by all other parasitoids was not inßuenced by gall size. Gall size was strongly inßuenced by the bottom-up forces of environmental and plant heterogeneity. Gall size varied among seasons, sites, and plants. Larval survival and gall-size covaried in each season and site and among plants.
sitoid responses to host density and indirectly affect herbivore survivorship (Price 1988) .
The goal of this study was to simultaneously measure the top-down and bottom-up forces inßuencing the survival of the gall-forming midge Asphondylia atriplicis Townsend (Diptera: Cecidomyiidae) that induces tumor stem-galls on four-winged saltbush, Atriplex canescens (Pursh) Nutall (Chenopodiaceae). We hypothesized that gall characters could inßuence A. atriplicis larval survival both from the bottom-up by determining food quality and protection from the abiotic environment, and from the top-down by determining larval susceptibility to parasitoids. We examined the possibility that larval survival in these multilocular galls could be inßuenced both by morphological traits shared by all occupants and by their position within the gall.
We measured how the environment and individual plant characteristics affected gall morphological traits and how, in turn, these traits inßuenced larval survival. We asked Þve speciÞc questions: 1) Is there variation in A. atriplicis larval survival over seasons, among sites, and among plants? 2) Is there variation in gall morphological traits over seasons, among sites, and among plants? 3) Do gall morphological traits affect A. atriplicis larval survival? 4) Is attack on A. atriplicis galls by its natural enemies mediated by gall morphological traits? 5) Do gall morphological traits and larval performance covary within seasons, among sites, and among plants? To test these hypotheses, we chose seasons and sites where we predicted there would be strong variation in gall characters. We predicted that there would be differences among seasons because of the large variation in weather between seasons, and among the same season in different years (Mullen et al. 1998 ). We predicted that there would be differences among sites because of differences in the phenotypic appearance of the plants at each site. We hypothesize that this is primarily due to the differences in drainage patterns that determined how much water and the length of time that the soil retained water, although we did not measure these characteristics in this study.
Natural History. A. canescens is widely distributed. It ranges from eastern Texas to California and from Zacatecas, Mexico, northward to Alberta, Canada. It is a woody perennial that is highly drought resistant. It is usually associated with alkaline soils, but it grows in a variety of soils and climates (Benson and Darrow 1981) .
The midge A. atriplicis oviposits on four-winged saltbush and induces a ßeshy, rounded stem-gall near the apical meristems of the plant. Each A. atriplicis larva is contained within its own chamber within the gall. From 1 to 70 larvae per gall have been reported in southern California (Hawkins et al. 1986 ). Gall shape varies considerably, ranging from small spherical galls to large, slightly irregular, ellipsoid galls. The inner surface of the larval chamber is lined with an obligate fungus upon which A. atriplicis larvae feed (Highland 1964, Shorthouse and Rohfritsch 1992) . Hawkins et al. (1986) described the general biology of the A. atriplicis complex. The female midge oviposits into the plant stem. The egg is the diapause stage of the ßy. Gall development is initiated and chambers begin to form around the egg before the egg hatches, but most eggs hatch within a week after the beginning of gall development. A. atriplicis has three instars, the Þrst two each lasting a week, and the third lasting from 2 to 3 wk. Most larval growth occurs in the third instar. To emerge from the gall, the prepupa bores a channel from its chamber and breaks through to the gall surface. With the pupa extruding from the gall, ecdysis occurs and the adult ßy emerges from the pupal case. The populations we sampled were bivoltine with generations coinciding with the two rainy seasons in the Sonoran desert (R.J.M. and T.P.C., unpublished data). They diapause in the egg stage after oviposition until rains stimulate plant growth, which apparently causes them to break diapause. Hawkins and Goeden (1984) reported 37 common species of parasitoids, predators, and inquilines associated with the A. atriplicis complex. Of these, they reared 14 chalcidoid species from A. atriplicis galls on four-winged saltbush. The phenology of attack is not well known for these natural enemies. Hawkins and Goeden (1984) report that Torymus capillaceus Huber (Hymenoptera: Torymidae) feed externally on stages from early second instars to pupae and that Rileya tegularis Gahan (Hymenoptera: Eurytomidae) attacks Þrst to early to second instars. Tetrastichus cecidobroter Gordh and Hawkins (Hymenoptera: Eulophidae) induces an endogall within a midge larval chamber (Hawkins and Goeden 1984) , suggesting that it attacks early instars.
The presence of T. cecidobroter is negatively correlated with parasitism by other species; thus, it is an important organizer of the parasitoid community structure in tumor stem-galls (Hawkins and Goeden 1984) . This wasp oviposits between one and nine eggs in the wall of an A. atriplicis larval chamber. The gall tissue surrounding each egg grows mitotically, forming a cluster of endogalls within the larval chamber. The wasp larva feeds on the tissue of its endogall, and it does not consume the midge larva, but endogall growth eventually crushes it.
Materials and Methods
Study Sites. We studied A. atriplicis on four-winged saltbush at three sites in Maricopa County, Arizona, in the Lower Colorado subdivision of the Sonoran Desert. Two of the sites, Adobe Dam and Jomax Road, were located in northern Phoenix and consisted of mixed stands of four-winged saltbush and Atriplex polycarpa (Torrey) Watson (Chenopodiacedae). Both of these populations of Atriplex occur near the base of old earthen dams. The Jomax Road site was adjacent to Cave Creek Dam (112Њ 05Ј W 33Њ 44Ј N). The Adobe Dam site was located on the Adobe Dam Recreational Area (112Њ 10Ј W 33Њ 41Ј N). The third site (V&P Nurseries), was located in Phoenix (111Њ 95Ј W 33Њ 25 NЈ). It was comprised of four-winged salt-bush mixed with some A. polycarpa adjacent to an outer fence enclosing V&P Nurseries. The shrubs were outside the nursery property and seemed to be a remnant population of the original desert vegetation.
Data Collection. We collected galls from the Adobe Dam and Jomax Road sites in spring (March) 1995, fall (OctoberÐNovember) 1995, and spring (MarchÐ April) 1996. We attempted to collect galls as close to the time of emergence as possible. The midges were in the late third instar or pupal phase when we collected them. In the spring and fall collection of 1995, 60 four-winged saltbush plants at each site were chosen randomly. All galls were harvested and reared in the laboratory in the manner described below. In spring 1996, we added the V&P Nursery site. We harvested galls from randomly selected plants at each of the three sites. Galls were randomly collected by throwing a plastic tape over a plant with the observerÕs back to the plant and eyes closed, and sampling every gall within 10 cm of the tape. This technique was continued until a sufÞcient sample was obtained. However, we limited the harvest to three galls from each plant and no Ͼ40 plants per site to equalize sample sizes. In total, 1,219 galls were collected from seven samples over three seasons.
Laboratory Rearing. We measured gall diameter for each of the three axes of each gall with digital calipers. Gall volume (V) was calculated as V ϭ 4/3ace, where a is the radius of the largest axis, c is the radius of the next largest axis perpendicular to a, and e is the radius of the next largest axis perpendicular to a and c. Mean gall diameter was measured as the average diameter of the two smallest axes of the gall perpendicular to each other and the long axis. Emerging insects were reared in shell vials and collected daily, identiÞed, and preserved. Chalcidoidea were identiÞed to subfamily using the key in Grissel and Schauff (1990) . The most common natural enemies were identiÞed to genus or species. After rearing was complete, each gall was dissected by cutting along the longest axis to identify the number of chambers within the gall.
Dissections. A subset of 61 galls containing a total of 205 A. atriplicis larvae was used to determine the insect species emerging from each chamber within each gall. We recorded emergence of each insect from each gall. We identiÞed the chamber of origin of each insect by inserting a felt pen tip back through the emergence hole and marking the inside of the chamber. We used unique colors for each chamber when chamber depth was measured from multiple chambers located in one gall. Chambers were coded for the presence or absence of midge emergence. Gall-size was determined in the same manner as in the laboratory rearing. We then dissected the galls and recorded the number of larval chambers per gall, chamber depth, and chamber size for each chamber. Chamber depth was measured as the shortest distance from the center of the chamber to the surface of the gall. Insertion of the ovipositor at the shortest distance from the gall surface to a larva has been reported for parasitoids attacking gall-inducers (Craig et al. 1990 ). Chamber volume (V) was calculated for each chamber within each gall by measuring the diameter of each chamber (V ϭ4/3r 3 ). Chamber density per gall was determined by dividing the number of chambers per gall by gall size (cubic millimeters).
Statistical Analysis. To determine which gall morphological traits were useful predictors of A. atriplicis survival, we Þtted a logistic regression model for survival data by using maximum likelihood (SAS Institute 1990) . This type of analysis is appropriate for use on presenceÐabsence data (Neter et al. 1989) . The gall traits examined as predictors of larval survival were: gall size (cubic millimeters), mean gall diameter (millimeters), larval chambers per gall, chamber density per 100 (cubic millimeters), chamber depth (millimeters), and chamber size (cubic millimeters). These traits were entered into a stepwise logistic regression, and the improvement 2 test was used to determine whether the addition of a variable improved the predictive ability of the regression.
To determine the relationship between larval survival and gall size, we examined the proportion of midge larvae surviving until emergence per gall across gall sizes. Galls were divided into 14 gall size categories at 0.5-mm-diameter intervals. We calculated the mean proportion of A. atriplicis larvae that survived until emergence per gall for each gall size class. The relationship of percentage of A. atriplicis survivorship per gall to gall size was analyzed using a SpearmanÕs rank correlation coefÞcient.
We determined the proportion of emergence per gall by each natural enemy. For statistical analysis, the data on natural enemies was pooled into four groups based on the feeding biology, temporal sequence of attack, and female ovipositor length. For each group, the relationship of percentage of parasitism per gall to gall size was analyzed using a SpearmanÕs rank correlation coefÞcient.
To determine the parasitism rate by the larval parasites mentioned above, we calculated the interval parasitism rate (Price and Clancy 1986) . Interval parasitism is the number of hosts parasitized divided by the number of larval hosts available (ϫ 100). Because galls contain a complete record of mortality throughout the life history of the gall-inducer, we could calculate the number of larvae available to be parasitized by eliminating those individuals that died during the egg stage. This approach avoids the problems of interpreting percentage of parasitism that can occur in studies of free-living insects where the availability of the susceptible stage to parasitoids can be difÞcult to obtain (Van Driesche 1983) .
To test for season, site, and plant effects on A. atriplicis survival, we performed a mixed model analysis of variance (ANOVA) (SAS Institute 1990). Seasons and sites were treated as Þxed effects, and the effect of plants was nested within each site and season and treated as a random effect. The proportion of midge larvae to survive until emergence per gall was transformed as pЈ ϭ arcsine ͌ [(x ϩ 3/8)/(n ϩ 3/4)], where X/n is the proportion of emerging ßies and larvae per gall (Anscombe 1948 ).
To test for season, site, and plant effects on gall size, gall diameter, larvae (chambers) per gall, and larval density per cubic millimeter of gall tissue, we performed a multivariate ANOVA (SAS Institute 1990). To control for individual plant effects, a nested twoway multiple ANOVA (MANOVA) was used to test for differences in gall morphology among populations (sites) and between seasons. When there was multivariate statistical signiÞcance, we analyzed the individual variables by using ANOVA to determine which contributed to the signiÞcance of the MANOVA.
Goodness-of-Þt analysis was used to test whether emergence was random with respect to gall size for each of the species groups. The expected distribution of emergence by each group was determined by multiplying the number of chambers in each gall size category by the proportion of total chambers parasitized by each group, respectively. Galls were divided into gall size categories as described above.
To examine the covariance of larval survival and gall size among plants, we used data from the Jomax Road and Adobe Dams sites for the Þrst two seasons of this study. We Þrst ran the analysis of covariance (ANCOVA), including the plant identity by gall size interaction term. Where the interaction term was not signiÞcant, we reanalyzed the data without this term.
Ovipositor Measurement. We dissected at least 15 females of the three most common parasitoid species that attack A. atriplicis to measure their ovipositors. All specimens were taken from the Jomax site in spring, 1996, from galls that were not included in the previous samples. The base of the ovipositor was exposed after dissecting the abdomen of each specimen. The ovipositors were measured by ocular micrometer from the base of the ovipositor to the tip.
Results
Environmental Effects on A. atriplicis Larval Performance. A. atriplicis emerged from 60% of the galls and 42% of the chambers (2,087 ßies emerging from 1,219 galls and 4,968 chambers). Larval performance, as measured by the proportion of A. atriplicis larvae per gall to survive until adult emergence, ranged from 0 to 100%.
Larval survival signiÞcantly differed among seasons, sites, and plants, but the interaction between site and season was not signiÞcant (Table 1) . Survival rates in each of the seasons signiÞcantly differed from the others: it was highest in fall 1995 and lowest in spring 1996 (Table 2) . Survival rates varied signiÞcantly among sites, with Adobe Dam having more than twice the survival rate of V&P Nurseries ( Table 2 ). The Jomax Road site also had a higher survival rate than V&P Nurseries (Table 2) .
Environmental Effects on Gall Morphological Traits. Individual galls showed a large range of variation in several morphological traits. Gall volume varied over 3 orders of magnitude, with galls ranging in volume from 5.7 to 3343.5 mm 3 . Gall diameters ranged from 1.9 to 12.8 mm. Galls contained from 1 to 24 larvae. Larval density per 100 mm 3 of gall tissue ranged from 0.158 to 17.684/100 mm 3 . Multivariate analysis of gall morphological traits showed that there was signiÞcant variation among seasons, sites, and plants but that the interaction between season and site was not signiÞcant (Table 3) . Gall volume and diameter were larger in spring 1996 than in other seasons, and gall diameter was larger in the fall 1995 than in spring 1995 (Table 2) . Larval density per 100 mm 3 of gall tissue also differed among seasons, but the number of larval chambers (larvae) per gall did not vary among seasons (Table 2) . In seasons when galls were larger, the density of larvae in the gall decreased, because as gall size increased, there was no signiÞcant change in the number of larval chambers per gall.
Gall volume, gall diameter, and larval density per 100 mm 3 all varied among sites (Table 2) but not the number of larval chambers per gall (Table 2) . Galls had a smaller volume and diameter at Jomax Road (Table 2) than at other sites. Smaller galls at this site had higher larval densities, because the number of larval chambers per gall did not differ among sites. Means within the same column followed by different letters are signiÞcantly different (P Ͻ 0.05, HSD method).
Plant Effects on Gall Traits and Larval Performance. The two-factor-nested analyses of variance showed that season, site, and plant identity all had strong effects on several gall morphological characters (Table 4) . Gall volume, gall diameter, larval density per 100 mm 3 of gall tissue, and the number of larval chambers per gall all varied among plants (Table 4 ). Plants were the only level of variation that showed variation in the number of larval chambers per gall. ANOVA was performed using the residuals of a regression of gall size on the number of larval chambers per gall for data from fall 1995 and for pooled data from spring 1995 and spring 1996. Plant identity explained 34.99% of the residual variance in gall size in fall 1995 (F 56,220 ϭ 2.12; P Ͻ 0.001) and 47.29% of the residual variance in gall size for the pooled data for spring 1995 and spring 1996 (F 155,768 ϭ 4.45; P Ͻ 0.0001). Larval survival also varied signiÞcantly among plants (Table  1) .
Gall Size-Dependent A. atriplicis Survival. A. atriplicis had higher survival rates when they were deep inside galls and in large galls. We performed a stepwise logistic regression on factors predicting A. atriplicis larval survival until emergence from the gall. The improvement chi-square tests whether the addition of a variable signiÞcantly improves the predictive ability of the regression. The probability that a larva would survive until emergence signiÞcantly increased with chamber depth ( Fig. 1; 2 ϭ 27.502, df ϭ 1, P Ͻ 0.0001). The predictive ability of the regression also was signiÞcantly increased with the addition of gall size to the model ( 2 ϭ 9.0986, df ϭ 1, P Ͻ 0.0026). Mean chamber depth per gall increases with gall diameter (y ϭ 0.171 ϩ 0.262x; F 1,46 ϭ 24.78, r 2 ϭ 36%; P Ͻ 0.0001). In each season, larval survival was positively correlated with gall size ( Fig. 2; spring 1995: r s ϭ 0.32, df ϭ 627, P Ͻ 0.0001; fall 1995: r s ϭ 0.32, df ϭ 283, P Ͻ 0.0001; and spring 1996 r s ϭ 0.23, df ϭ 309, P Ͻ 0.001), but the shape of the relationship varied among seasons. In spring 1995 and spring 1996, there was a positive linear trend between larval survival and gall size. In fall 1995, there was a rapid increase in larval survival followed by a gradual increase once galls exceeded 4.5 mm (Fig.  2) .
Survival of A. atriplicis larvae at all three sites was correlated with gall size ( Fig. 3 ; Adobe Dam: r s ϭ 0.24, df ϭ 186, P Ͻ 0.001; Jomax Road: r s ϭ 0.37, df ϭ 919, P Ͻ 0.0001; and VP Nurseries: r s ϭ 0.34, df ϭ 114, P Ͻ 0.001). The pattern of survival varied among sites. At the Adobe Dam site, there was a threshold for survival: there was almost no A. atriplicis survival until gall diameter exceeded 4.5 mm. Larval survival then increased to nearly 50% survival per gall and showed a continuing gradual increase with increasing gall diameter. At the Jomax Road site, there was a positive linear relationship between larval survival and gall diameter. At the V&P Nurseries site, there was no larval survival in galls Ͻ6.5 mm, but once gall diameter exceeded 6.5 mm larval survival increased with gall size.
Covariation of A. atriplicis Larval Survival and Gall Size among Plants. At Adobe Dam in spring 1995, the larval survival per gall ranged from 0 to 92% and signiÞcantly differed among plants (Table 5 ). The covariate gall size had a strong effect on larval survival (Table 5 ). Among plants in this site, gall size and larval survival displayed a clear pattern of covariance, more larvae survived in larger galls. There was no signiÞcant plant by gall size interaction at this site. The sample size for the Adobe Dam site for fall 1995 was small with a total of only 17 galls harvested from 10 plants. The ANCOVA model (not shown) for this site did not yield signiÞcant results.
At Jomax Road, in both spring and fall of 1995, larval survival signiÞcantly differed among plants (Table 5) ranging from 0 to 100% survival per gall. Plant identity and gall size explained 28% of the variance in larval survival per gall in spring 1995, and 51% of the variance in survival in fall 1995. Gall-size had a signiÞcant effect on A. atriplicis survival in both seasons (Table 5 ). There was a signiÞcant plant by gall size interaction effect on larval survival in both seasons on this site (Table 5) . Although overall more larvae survived in larger galls, the strength of the relationship between larval survival and gall size varied among plants (Fig.  4) . The amount of variance in survival explained by gall diameter ranged from nonsigniÞcant on plant 1 to r 2 ϭ 60% on plant 16. Among the plants where there was a signiÞcant relationship between gall diameter and survival, the slopes of the relationship varied widely. Gall Size-Dependent Mortality. The relative importance of mortality factors changed with gall size. As gall size increased, the arcsine-square root-transformed proportion of mortality due to sources other than predators or parasitoids decreased signiÞcantly (y ϭ 1.02 Ϫ 0.089x; r 2 ϭ 81.7%, df ϭ 11, P Ͻ 0.0001). We refer to this category as mortality from unknown factors, and this could include mortality from desiccation, disease, inadequate nutritional resources, or the interaction between fungus and plant. Total interval parasitism, which is the rate of parasitism among hosts available during the interval when parasitoid attack occurs, did not change signiÞcantly with gall size (Fig. 5) .
The relationship between gall size and parasitism rate varied among parasitoid groups. There was no relationship between interval parasitism rate and gall size for the Torymidae or Eulophidae species groups. The arcsine square root-transformed interval parasitism rate of Eurytomidae was strongly negatively related to gall diameter (y ϭ 0.499 Ϫ 0.0289x; r 2 ϭ 49.4%, df ϭ 11, P Ͻ 0.001).
Ovipositor Length among Parasitoids. Ovipositor lengths of T. umbilicatus (3.68 Ϯ 0.11 mm), T. cecidobroter (1.96 Ϯ 0.08), and R. tegularis (1.14 Ϯ 0.04 mm) were all signiÞcantly different (F 2, 53 ϭ 283.34; P Ͻ 0.0001; P Ͻ 0.05; TukeyÕs honestly signiÞcant difference [HSD] method). Based on these measurements, we estimated the percentage of chambers that would be available to each parasitoid (Fig. 1) to be 100% for T. umbilicatus, 34.14% for T. cecidobroter, and 2.4% for R. tegularis. We assumed that the ovipositor could be fully extended and that attack occurred after the gall had reached its maximum size.
Discussion
Bottom-Up Forces Regulate the Population Dynamics of A. atriplicis. A. atriplicis survival was strongly inßuenced by gall size, indicating that bottom-up forces predominate in determining the intraand interpopulation variation in survival that we observed in this system. The smaller the gall, the higher the probability was of early mortality from unknown factors. Subsequent overall mortality due to natural enemies did not differ among gall size categories, although larvae in small galls were more vulnerable to parasitism by the eurytomid group. Gall size was regulated by the bottom-up forces of environmental and plant variation, indicating that bottom-up forces cascade upward (sensu Hunter and Price 1992) to inßu-ence herbivore density and natural enemy community composition. The success of the eurytomid parasitoid group was mediated by gall size, which was controlled from the bottom-up.
The impact of bottom-up environmental factors in controlling A. atriplicis was demonstrated by the inßuence of plant identity on overall larval survival (Table 4). In each season and site, gall size covaried with A. atriplicis larval survival (Figs. 2 and 3) , and gall size covaried with A. atriplicis larval survival among plants. At the Adobe Dam site in spring 1995, plant identity and the covariate gall size explained 41% of the variance in larval survival per gall. At Jomax Road, in both spring and fall of 1995, plant identity interacted with gall size to inßuence larval survival. Gall size did not affect larval survival in some plants, yet it accounted for a large percentage of the variance in larval survival Where the interaction term was not signiÞcant (NS), the data were reanalyzed without this term.
in other plants. Plant and gall size explained 28% of the variance in larval survival per gall in spring 1995, and 51% of the variance in survival in fall 1995. Increased larval depth was associated with increased larval survival. Larval depth was determined by a combination of gall size and position in a gall. Gall size increase was due to an increase in the amount of plant tissue surrounding the chambers and not an increase in the number of chambers per gall. Females could potentially increase the number of chambers by increasing the number of eggs oviposited to increase the number of larvae initiating the gall, but there is no evidence that this occurred. Instead, the amount of tissue surrounding the chambers varied as the result of the plant where the gall was formed and environmental variation among sites and seasons. A strong environmental inßuence on gall growth is indicated, but whether there is also genotypic variation for gall size among plants has not been determined. We also have not explored whether there was individual variation among A. atriplicis females in the number of eggs that they oviposited or in the strength of the stimulus for gall formation. Individual variation among herbivores can have a strong impact on survival and has important implications for the evolution of the interaction (Singer 1983 , Singer et al. 1988 .
Weak Top-Down Forces Act on A. atriplicis. We did not Þnd density-dependent natural enemy mortality that would indicate top-down population regulation. Because A. atriplicis develops conÞned in galls, natural enemies Þnd larvae in discrete and variable patches. Parasitoids should respond to high-density patches by searching these patches more frequently and by staying longer to exploit the increased availability of hosts (Cook and Hubbard 1977) , increasing parasitism rates. Large galls contained higher numbers of available hosts, but the interval parasitism rate was not related to gall size (Fig. 5) .
The "ovipositor limitation" hypothesis is that when parasitoid ovipositors are too short to reach all larvae, gall size mediates parasitism rates (Weis and Abrahamson 1985b , Price and Clancy 1986 , Stiling and Rossi 1996 , Dixon et al. 1998 . This hypothesis was supported by the strong negative correlation between gall size and interval parasitism by the eurytomid group. Large galls had greater mean chamber depths, so that as gall size increased an increasing proportion of the larvae may be too deep to be reached by the short eurytomid ovipositors. The torymid and eulophid groups with longer ovipositors showed no relationship between gall size and interval parasitism rate. Our estimate of the proportion of larvae available to each species may be imprecise for at least two reasons. First, ovipositor length may overestimate the distance to which a parasitoid can reach into a gall with her ovipositor, because the entire ovipositor may not be available during oviposition Rossi 1994, Dixon et al. 1998) . Second, some of the parasitoids may attack before gall growth is complete. Because R. tegularis primarily attacks Þrst instars when galls may be smaller than the Þnal diameter, a larger proportion of larvae may be available than we estimated. A detailed study of parasitoid attack phenology and gall growth is needed to rigorously test the ovipositor limitation hypothesis. Overall, interval parasitism rate did not increase with gall size, so the increase in larval survival with larval chamber depth must involve factors other than vulnerability to parasitoids.
Possible Bottom-Up Mechanisms. A number of alternative hypotheses could explain why unknown mortality decreases with gall size. The "nutrition" hypothesis states that gall induction increases the availability of nutrients to larvae ). The immobile larvae do not have to search for nutritious plant tissue, and this can result in high growth and assimilation efÞciencies in gallmakers (Stinner and Abrahamson 1979) . Nutritional quality may increase with gall size, and this may increase survivorship in large A. atriplicis galls. Dipteran-induced galls concentrate nitrogen (Paclt and Hassler 1967) and act as sinks for nutrients (Abrahamson and McCrea 1986) . Raman and Abrahamson (1995) showed that there was higher caloriÞc concentration in gall tissue induced by cecidomyiids than in normal stem tissue. Weis and Kapelinski (1984) demonstrated that galls induced on Salix ordata Michaux (Salicaceae) by Rhabdophaga strobiloides Osten Sacken (Diptera: Cecidomyiidae) draw photosynthate from distant locations in the plant. A stronger stimulus to the host plant was reported for galls containing larger numbers of larvae than galls with fewer larvae (Lalonde and Shorthouse 1985) . It is possible that A. atriplicis galls act as nutrient sinks, and it also is plausible that large galls provide more resources to larvae than small galls.
The "microenvironment" hypothesis ) states that gall tissue buffers larvae against environmental variation and that this increases survival. In harsh arid environments, galls likely reduce hygrothermal stress for larvae residing within gall tissue , Tscharntke 1994 , and hygrothermal stress may decrease with increasing gall size. In xeric environments both tropical and temperate gallers had higher population densities, higher larval density per gall, and lower mortality than in mesic environments (Fernandes and Price 1992) . In the Sonoran Desert, protection against dehydration is an important selective factor. A. atriplicis gall tissue had higher percentage water content than ungalled stem tissue (Hawkins and Unruh 1988) . Higher water content in gall tissue protects against hygrothermal stress, reducing the need for thick larval skins. This could reduce energy use associated with weight loss due to molting, and increase larval survival. Hygrothermal stress in larger galls may decrease with gall size.
Evolution of Gall Size. The positive correlation between gall size and A. atriplicis survival in all of the environments that we studied indicates directional selection for increased gall size. We have not identiÞed a factor that selects for small gall size induction by the gall midge. In contrast, Weis et al. (1992) found that there was stabilizing selection on gall size in the tephritid gall-inducer Eurosta solidaginis (Fitch), due to opposing selection by different natural enemies. Gall size cannot increase inÞnitely: so what limits gall size? A. atriplicis could potentially increase gall size either by increasing the number of eggs oviposited or by increasing the larval stimulus for gall growth that is exerted on the plant. There may be a trade-off between increasing the probability of offspring survival by increasing the number of eggs in one gall and the increased risk of placing a large proportion of offspring in one site. Selection may act to reduce the risk of "putting all your eggs in one basket" and favor placing a smaller number of eggs in a larger number of galls. The mechanisms determining the amount of tissue around each chamber is not understood for this insect, and an understanding of the mechanisms that induces gall growth is only beginning to be understood for a few insects (Sopow et al. 2003) . Selection to increase the amount of tissue in a gall may be opposed by selection on the plant to limit the resources lost to gall formation. Alternatively, physiological limits on plant growth in these tissues that have evolved for other reasons may set an upper limit to gall growth.
In conclusion, this study provides additional support for the importance of bottom-up forces in the ecology and evolution of terrestrial communities. The seemingly complex variation in A. atriplicis survival and parasitism rates among sites, seasons, and individual plants can be largely explained by variation in a single variable: gall size. Our results support the hypothesis that the interaction between gall morphology and herbivore survival can be the key to understanding a gallmakerÕs population dynamics and community structure (Weis and Abrahamson 1985b , Price and Clancy 1986 , Craig et al. 1990 , Craig 1994 , Stiling and Rossi 1996 . Variation in gall phenotype depends on both insect and plant genotype and their interactions with environmental factors (Weis and Abrahamson 1986) . Accordingly, selection on both the plant and insect can drive the evolution of gall morphology and the response of natural enemies to this variation.
